In this study, a split Hopkinson torsional bar was utilised to study the dynamic shear deformation behaviour of Alloy 718 at shear strain rates of 1000, 1500 and 3200 s ¹1 and temperatures of ¹150, 25 and 300°C. It was found that the mechanical behaviour of Alloy 718 is sensitive to both the strain rate and the temperature. The yield shear stress and work hardening coefficient increased with increasing strain rate, but decreased with increasing temperature. In addition, the fracture shear strain increased with increasing strain rate and temperature. The strain rate sensitivity and temperature sensitivity increased with increasing strain and strain rate, but decreased with increasing temperature. It was found that the high strain rate plastic deformation of Alloy 718 alloy can be adequately described using the Kobayashi and Dodd constitutive equation. Finally, the fracture surfaces were found to contain multiple dimple-like features. The dimple density increased with increasing strain rate and temperature. Thus, it was inferred that the ductility of Alloy 718 increases at higher strain rates and temperatures.
Introduction
Alloy 718 is well suited to environments characterised by dramatic temperature change and corrosion, and is therefore used for a wide variety of applications, ranging from the International Space Station to cryogenic storage tanks, nuclear reactors and pollution control equipment. The literature contains many investigations into the static properties of Alloy 718. 14) However, the interactive effects of strain rate and temperature on the mechanical properties of metals and alloys under high speed loading are much stronger than those under static loading. 57) Thus, while the static properties of Alloy 718 are well understood, the dynamic properties require further investigation.
In Refs. 2, 813), the mechanical properties of Alloy 718 were investigated under high strain rate loading conditions and/or a high temperature. However, in many applications (e.g., aerospace components and cryogenic storage tanks), Alloy 718 structures are subjected to both a high strain rate and a cryogenic temperature. Therefore, in designing robust Alloy 718 components, it is necessary to develop a thorough understanding of the dynamic shear deformation behaviour of Alloy 718 over a wide range of temperatures and strain rates. Although the high temperature deformation behaviour of Alloy 718 is well understood, its shear deformation behaviour and microstructural evolution at low temperatures are less clear. Accordingly, in the present study, the effects of shear loading on the mechanical properties and microstructural evolution of Alloy 718 are investigated over a wide temperature range extending from ¹150 to 300°C.
The split Hopkinson pressure bar (SHPB) 14) is one of the most commonly used systems for clarifying the effects of strain rate and temperature on the mechanical behaviour of alloys, 1517) plastics, 18) composites 19, 20) and sintered materials. 21, 22) In general, the results show that for most materials the flow stress increases slowly with increasing strain rate over the range of 1 to 10 3 s
¹1
, but then increases rapidly as the strain rate is further increased from 10 3 to 10 4 s ¹1 . In addition to the strain rate, the temperature also has a significant effect on the mechanical properties of deformed materials. For example, a higher temperature reduces the internal resistance to dislocation movement and results in plastic flow. However, due to the combined effects of work hardening and work softening caused by impact loading and high deformation temperatures, respectively, predicting the actual plastic deformation of common engineering materials is highly challenging.
In the present study, the dynamic shear deformation behaviour of Alloy 718 was investigated using a torsional SHPB system at shear strain rates of 10003200 s ¹1 and temperatures of ¹150300°C. The fracture surfaces were examined via optical microscopy (OM) and scanning electron microscopy (SEM). Finally, the correlation between the dynamic shear response of the Alloy 718 specimens and the fracture features was systematically explored.
Experimental
Alloy 718 (AISI A2 Grade) with a composition of 18.29% Cr, 18.23% Fe, 4.8% Nb, 5.15% Mo, 0.97% Ti, 0.54% Al, 0.12% Co, 0.078% Si, 0.065% Mn, 0.065% Cu, 0.051% C, 0.028% W, and a balance of Ni (mass) was purchased from Gloria Material Technology Corp., Taiwan, R.O.C. The material was received in the form of hot-rolled bars with a diameter of 13 mm. The bars were solution heat treated at 1050°C for one hour, air cooled, and then aged at 775°C for 8 h. Twin-flanged thin-walled tubular specimens with an outer diameter (OD) of 12 mm and a length of 11.5 mm were then machined from the aged bars. A gauge section was produced in the centre of each specimen by reducing the OD of the tube to 5.6 mm over a length of 1.5 mm. Finally, circular flanges were machined at either end of the gauge section in order to mount the specimen in the SHPB system. Figure 1 presents a schematic illustration of the final tubular specimen.
Dynamic shear tests were performed at strain rates of 1000, 1500 and 3200 s
¹1
, respectively, and temperatures of ¹150, 25 and 300°C. The test temperature of 300°C was achieved using a clamped shell radiant heating furnace with an internal diameter of 20 mm and a heating element of length 21 mm. Meanwhile, the test temperature of ¹150°C was obtained using a refrigeration system positioned around the specimen and filled with liquid nitrogen and alcohol. In all of the shear tests, the deformation temperature was monitored by attaching a K-type (Chromel/Alumel) thermocouple with an accuracy of «2°C to the specimen surface.
In performing the tests, the specimens were mounted between the incident bar and the transmitted bar of the SHPB system. The two bars had a diameter of 12.7 mm and a length of 1000 mm, and were both machined from 7075-T6 aluminum alloy. Note that the full details of the experimental procedure and analytical technique used to evaluate the dynamic mechanical response of the shear specimens are presented in a previous study 23) and are therefore omitted here. After dynamic shear testing, the deformed specimens were sectioned parallel to the longitudinal axis. The sections were ground and polished using conventional techniques and were then etched in an acidic solution of 3 mL HNO 3 , 2 mL HF and 95 mL H 2 O. Finally, the fracture surfaces were observed using an MeF3 optical microscope. The detailed characteristics of the fracture surfaces were identified using a Philip's XL-40 FEG scanning electron microscope (SEM) with an accelerating voltage of 15 kV.
Results and Discussion

Shear stressstrain curves
Figure 2(a) shows the shear stressstrain curves of the Alloy 718 specimens deformed at different strain rates and temperatures. The results show that the flow stress increased with increasing strain rate but decreased with increasing temperature. In addition, the difference in the stress induced at strain rates of 1000 and 3200 s ¹1 , respectively, was greater at a lower temperature (¹150°C) than at a higher temperature (300°C). Finally, the fracture strain varied as a function of both the strain rate and the temperature. In other words, the ductility of Alloy 718 is both strain rate-sensitive and temperature-sensitive. Figure 2 (b) shows the effects of the strain rate and temperature on the fracture strain of the Alloy 718 specimens. It is seen that for a constant temperature, the fracture shear strain increased with increasing strain rate. Meanwhile, for a constant strain rate, the fracture shear strain increased with increasing temperature. In other words, the ductility of Alloy 718 increases under high strain rate and temperature loading conditions. It is thought that the ductility enhancement is the result of a deformation-induced temperature rise prompted by the interaction between the high strain rate and the high temperature.
Effects of strain rate on deformation behaviour
To clarify the effect of the strain rate on the shear response of Alloy 718, Fig. 3 (a) plots the variation of the shear stress with the strain rate as a function of the temperature and shear strain. It is seen that the flow stress increased with increasing strain rate. The effect of the strain rate on the shear stress can be quantified via the strain rate sensitivity parameter ¢ (equivalent to the gradient of the¸vs. log _ £ plot), 24) i.e., where the shear stresses¸2 and¸1 are obtained from shear tests conducted at average strain rates of _ £ 2 and _ £ 1 , respectively, and are calculated at the same value of the shear strain. Figure 3(b) plots the strain rate sensitivity of the Alloy 718 specimens against the shear strain as a function of the strain rate and deformation temperature. It can be seen that for a given temperature, the strain rate sensitivity increased with increasing strain rate. In addition, it is observed that the strain rate sensitivity increased relatively slowly with increasing shear strain at 300°C, but increased more rapidly at ¹150°C. In other words, for a given strain and strain rate, the effect of the strain rate on the degree of work hardening increased with a reducing deformation temperature.
The stressstrain curves presented in Fig. 2(a) reflect the change in the microstructure of the Alloy 718 specimens during the dynamic deformation process. Some studies have shown that the rate of dislocation multiplication increases with an increasing strain rate and leads to an enhanced material strength.
2527) Furthermore, a higher deformation temperature increases the energy of the mobile dislocations and therefore improves their ability to overcome barriers (e.g., grain boundaries, tangled dislocations and precipitations) during the plastic deformation process. The higher strain rate sensitivity observed in the present specimens under high strain rate and low temperature conditions (Figs. 3(a) and 3(b)) implies that the mobile dislocations in Alloy 718 require a greater driving force to overcome obstacles when deformation occurs at a high strain rate or a low temperature.
Effects of temperature on deformation behaviour
To clarify the effect of the temperature on the mechanical behaviour of Alloy 718, Fig. 4(a) illustrates the variation of the shear stress with the deformation temperature as a function of the strain rate at true strains of 0.1 and 0.2, respectively. The results show that the shear stress reduced with increasing temperature. In general, the thermal softening effect induced under dynamic shear loading can be quantified via the following temperature sensitivity parameter: where the shear stresses¸2 and¸1 are obtained from tests conducted at temperatures of T 2 and T 1 , respectively. Figure 4 (b) shows the temperature sensitivity of the present Alloy 718 as a function of the shear strain, strain rate and temperature. It is seen that the temperature sensitivity increased with increasing strain and strain rate, but reduced with increasing temperature. In other words, Alloy 718 has a greater resistance to thermal softening at higher temperatures (e.g., 300°C) than at lower temperatures (e.g., ¹150°C). Previous studies 11, 28) have shown that precipitations play an important role in preserving the high-temperature strength of Alloy 718 under static loading conditions. This finding is consistent with the results presented in Figs. 4(a) and 4(b) which show that Alloy 718 has a high softening resistance when deformed under high temperatures and high strain rates.
Deformation constitutive equation
As shown in Fig. 2(a) , the shear stressstrain response of the present Alloy 718 specimens depends strongly on the strain rate and temperature. Many different constitutive models have been proposed for describing the dynamic behaviour of materials with different material constants.
2932)
In the present study, the shear flow response of Alloy 718 was modeled using the constitutive equation proposed by Kobayashi and Dodd, 33) i.e.,
where¸is the shear stress, £ is the shear strain, n is the work hardening coefficient, _ £ is the strain rate, m is the strain rate sensitivity index, T is the temperature, and ¢ and c are material constants. Note that in eq. (3), ¢£ n _ £ m represents the combined effects of strain and strain rate hardening on the shear stress, while (1 ¹ cT) represents the effects of thermal softening. In the present study, the best fit parameters in eq. (4) were obtained by applying a regression analysis technique to the experimental data in Fig. 2(a) . To reflect the actual temperature state of the specimen during deformation, the temperature rise caused by the conversion of plastic work into heat must be taken into account. Thus, the deformationinduced temperature rise was calculated as 34) ÁT
where µ is the density (8.19 g/cm 3 ), c p is the heat capacity (435 J/kg·K),¸is the stress, d£ is the strain interval, and © = 1 when the heat loss is assumed to be zero (i.e., all of the plastic work is converted to heat). Figure 3(a) shows that the deformation-induced temperature rise increased with increasing strain and strain rate, but decreased with increasing temperature. According to the constitutive equation presented in eq. (3), the three material parameters of Alloy 718 were found to have values of ¢ = 690.94 MPa·s, n = 0.09 and c = 0.048, respectively. (Note that in computing the values of the material parameters, the initial temperature in eq. (3) was replaced by the current temperature for each strain interval considered in the regression analysis procedure.) Figure 5 (b) presents the results obtained for the shear stressstrain response of the present Alloy 718 specimens by substituting the material parameter values given above into eq. (3) together with the strain rate and temperature data shown in Fig. 2(a) . It is observed that a good agreement exists between the predicted stressstrain response of Alloy 718 and the experimental results (reproduced directly from Fig. 2(a) ). In other words, the values obtained in this study for the material parameters of Alloy 718 provide a suitable basis for engineering design and simulation purposes.
Fracture behaviour of Alloy 718
Variations in the strain rate and temperature affect not only the stressstrain response of the Alloy 718 specimens, but also their fracture behaviour. Figures 6(a) and 6 (b) present SEM images of the fracture surfaces of the specimens deformed at a temperature of 300°C under strain rates of 1000 and 3200 s
¹1
, respectively. The images show that both fracture surfaces contained dimple-like features aligned along the shear direction, which suggests a ductile fracture mode. In addition, it is seen that the density of the dimple-like features increased with an increasing strain rate. In other words, the ductility of Alloy 718 improves under high strain rate loading conditions. Figures 6(c) and 6(d) show the fracture surfaces of the specimens deformed at a temperature of 25°C under strain rates of 1000 and 3200 s ¹1 , respectively. Comparing the fracture surfaces shown in Figs. 6(c) and 6(d) with those shown in Figs. 6(a) and 6(b), respectively, it is seen that the density of the dimples increased with increasing temperature. In other words, the ductility of Alloy 718 increases with an increasing deformation temperature. Figures 6(e) and 6(f ) show the fracture surfaces of the specimens deformed at a temperature of ¹150°C under strain rates of 1000 and 3200 s ¹1 , respectively. It is observed that the fracture surfaces are smoother than those of the specimens deformed at a higher temperature. Moreover, they contain only a small number of dimples. In other words, the fracture resistance of Alloy 718 reduces under low deformation temperature conditions.
In general, the SEM fractographs presented in Figs. 6(a) 6(f ) reveal that the fracture mode of Alloy 718 is highly sensitive to the strain rate and temperature. The greater dimple density observed at higher strain rates and temperatures leads to a greater amount of plastic deformation, and therefore enhances the ductile response of the material. Meanwhile, the lower dimple density observed at lower strain rates and temperatures indicates a more brittle response. In general, the variation in the fracture features is consistent with the tendencies of the stressstrain curves presented in Fig. 2(a) , and accounts for the higher fracture strain observed in the specimens tested at higher strain rates and temperatures. Under dynamic shear loading conditions, extensive plastic deformation takes place before fracture occurs. As a result, the grains located near the major shear planes deform catastrophically; resulting in the formation of well-defined micro-shear bands. Figure 7 presents optical micrographs of the micro-shear bands formed in the present Alloy 718 specimens under various temperatures and strain rates. Figures 7(a) and 7(b) , corresponding to a deformation temperature of 25°C and strain rates of 1000 and 3200 s ¹1 , respectively, reveal that the number of micro-shear bands increased with an increasing strain rate at a constant temperature. In other words, the ductility of Alloy 718 improves under high strain rate loading conditions. (Note that a similar strain-rate dependency of the micro-shear bands was observed in the specimens tested at ¹150 and 300°C, respectively.) Comparing Figs. 7(b), 7(c) and 7(d), corresponding to a strain rate of 3200 s ¹1 and deformation temperatures of 25, 300 and ¹150°C, respectively, it is seen that the number of micro-shear bands increased with an increasing temperature at a constant strain rate. In other words, the ductility of Alloy 718 improves not only under higher strain rates, but also under higher deformation temperatures.
Conclusions
This study has examined the dynamic shear deformation behaviour of Alloy 718 at shear strain rates of 1000, 1500 and 3200 s ¹1 and temperatures of ¹150, 25 and 300°C. The results have shown that the dynamic shear response of Alloy 718 is significantly dependent on both the strain rate and the temperature. The shear stress increases with increasing strain rate, but decreases with increasing temperature. Meanwhile, the fracture strain reduces with reducing temperature, but increases with increasing strain rate. The strain rate sensitivity increases with increasing strain rate and decreasing temperature. In addition, the temperature sensitivity reduces with decreasing strain rate and increasing temperature. It has been shown that the predictions of the Kobayashi and Dodd constitutive equation for the dynamic stressstrain response of Alloy 718 are in good agreement with the experimental results. Finally, OM and SEM observations have shown that the Alloy 718 samples fail in a predominantly ductile mode and exhibit a greater ductility under elevated strain rates and temperatures.
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